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Department of Physiology and Biophysics, Dalhousie University, Halifax, Nova Scotia, CanadaABSTRACT High unitary Cl conductance in the cystic fibrosis transmembrane conductance regulator Cl channel requires
a functionally unique, positively charged lysine residue (K95) in the inner vestibule of the channel pore. Here we used a muta-
genic approach to investigate the ability of other sites in the pore to host this important positive charge. The loss of conductance
observed in the K95Q mutation was >50% rescued by substituting a lysine for each of five different pore-lining amino acids,
suggesting that the exact location of the fixed positive charge is not crucial to support high conductance. Moving the positive
charge also restored open-channel blocker interactions that are lost in K95Q. Introducing a second positive charge in addition
to that at K95 did not increase conductance at any site, but did result in a striking increase in the strength of block by divalent
Pt(NO2)4
2 ions. Based on the site dependence of these effects, we propose that although the exact location of the positive
charge is not crucial for normal pore properties, transplanting this charge to other sites results in a diminution of its effectiveness
that appears to depend on its location along the axis of the pore.INTRODUCTIONCystic fibrosis is caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR), an epithelial
cell anion channel (1). Functional and structural models of
the CFTR pore describe a central narrow region flanked
by wider inner and outer vestibules that contain important
fixed positive charges (2–4). Mutagenic neutralization of
all positively charged amino acids in the transmembrane
(TM) domains suggest that the inner vestibule contains three
positively charged arginine or lysine side chains that are
required for normal Cl conductance: K95 (in TM1),
R303 (TM5), and R352 (TM6) (5–8). Of these three, K95
plays the dominant role, being located deeper inside the
pore from its cytoplasmic end, and R303 and R352 occupy
more superficial locations (7,8). The importance of the posi-
tive charge at K95 is seen in mutations that neutralize this
charge, which lead to a dramatic decrease in Cl conduc-
tance (8,9). The positive charge at this site is also function-
ally important for interactions with large, negatively
charged blocking molecules, such that neutralization of
this charge leads to a decrease in the apparent affinity of
many different cytoplasmic open-channel blockers (5,8). It
was recently suggested that the blocker sensitivity conferred
by K95 may also fulfill a physiological role by allowing
overall channel conductance to be regulated by extracellular
anions that modulate the strength of block (10).
Although K95 appears to play a unique role as the only
fixed positive charge that is present deep inside the inner
vestibule, its function can be transplanted to other pore-
lining residues by mutagenesis (8). Thus, although neutral-
ization of K95 causes a decrease in both Cl conductanceSubmitted August 22, 2012, and accepted for publication September 19,
2012.
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0006-3495/12/10/1719/8 $2.00and sensitivity to cytoplasmic open-channel blockers, these
changes in channel function can be reversed by concurrent
mutagenesis of a serine residue in TM12 to lysine (the
S1141K mutant), suggesting that these two nearby residues
lining the inner vestibule are functionally interchangeable
(8). Interestingly, using the S1141K mutation to introduce
a second positive charge to the inner vestibule did not
increase Cl conductance (suggesting that a single positive
charge is sufficient to maximize conductance), but instead
conferred strong block by cytoplasmically applied multiva-
lent anions (leading to an overall decrease in channel func-
tion) (8). This led us to propose that one is the optimum
number of positive charges in this region of the pore inner
vestibule in terms of overall channel function (8).
The identity of amino-acid side chains in TM1, TM6, and
TM12 that line the inner vestibule has been demonstrated by
substituted cysteine accessibility mutagenesis (11–15),
allowing us now to ask the following questions: Is the loca-
tion of the single fixed positive charge in the inner vestibule
optimal in terms of channel function? What is the effect of
moving the positive charge along the axis of a single TM to
locations that are predicted to be deeper or more superficial
in the inner vestibule (Fig. 1)? Based on our analysis of the
effects of transplanting the positive charge from its normal
position at K95 to other, pore-lining locations that are pre-
dicted to be nearby in the inner vestibule (Fig. 1), we suggest
that although the exact location of the positive charge is not
crucial for conductance, K95 is located at a site that ensures
high conductance, with the effectiveness of this positive
charge diminishing at both deeper and more superficial sites.MATERIALS AND METHODS
Experiments were carried out on baby hamster kidney cells transiently
transfected with CFTR as previously described (8). Mutagenesis washttp://dx.doi.org/10.1016/j.bpj.2012.09.020
FIGURE 1 Simple cartoon alignment of TM1 and TM6 in the CFTR
pore. The amino-acid side chains in TM1 and TM6 that line the lumen of
the inner vestibule were identified by substituted cysteine accessibility
mutagenesis (11,13). The two TMs were aligned on the basis of functional
and disulfide cross-linking analysis, as described byWang et al. (13). In this
study, the endogenous positive charge of K95 (TM1) was transplanted to
Q98 (TM1) and to I344, V345, M348, and A349 (TM6); in previous
work we also investigated the effect of moving this positive charge to
S341 (TM6) (8).
1720 El Hiani and Linsdellcarried out using the QuikChange system (Agilent Technologies, Santa
Clara, CA) and verified by DNA sequencing. Lysine or histidine was
substituted for different amino acids in TM1 or TM6 that were previously
shown by substituted cysteine accessibility mutagenesis to have side chains
accessible to the cytoplasmic solution (11–13) (Fig. 1). Note that no acces-
sible side chains were identified in TM1 locations on the cytoplasmic side
of K95 (13). For TM6, we mutated each accessible side chain between the
narrow pore region (beginning at S341) and the positive charge at R352
(11). Lysine mutations were made in both wild-type (WT) and K95Q
backgrounds, resulting in channel constructs that contained two or one posi-
tively charged lysine residues in the putative inner vestibule of the pore,
respectively.
Single-channel and macroscopic current recordings were made using the
excised, inside-out configuration of the patch-clamp technique as described
previously (11). Briefly, after patch excision and recording of background
currents, CFTR channels were activated by exposure to protein kinase A
catalytic subunit (20 nM) plus MgATP (1 mM) in the intracellular solution.
Both intracellular (bath) and extracellular (pipette) solutions were based onBiophysical Journal 103(8) 1719–1726one containing (mM) 150 NaCl, 2 MgCl2, 10 N-tris[hydroxymethyl]
methyl-2-aminoethanesulfonate (TES), pH 7.4. For experiments at different
cytoplasmic pH (see Figs. 5 and 6), the pH buffer in the intracellular solu-
tion was changed from TES to either 2-(N-morpholino)ethanesulfonic acid
(MES) for pH 5.5, or [(2-hydroxy-1,1-bis[hydroxymethyl]ethyl)amino]-1-
propanesulfonic acid (TAPS) for pH 9.0. As in previous studies (5,8), we
investigated the blocking effects of 5-nitro-2-(3-phenylpropylamino)ben-
zoic acid (NPPB) using a low-[Cl] extracellular solution in which NaCl
was replaced by 150 mM Na gluconate (pH 7.4). Furthermore, these exper-
iments with NPPB were carried out after the channel open probability was
maximized by treatment with 2 mM PPi (5,8), which minimized the
possible influence of NPPB-induced changes in channel gating (16).
Current traces were filtered at 50–100 Hz using an eight-pole Bessel filter,
digitized at 250 Hz to 1 kHz, and analyzed with pCLAMP software (Molec-
ular Devices, Sunnyvale, CA). Measurement of single-channel and macro-
scopic current amplitudes, and construction of leak-subtracted macroscopic
current-voltage relationships were carried out as previously described (8).
As in a previous study (17), the concentration-dependent channel-block-
ing effects of Pt(NO2)4
2 were analyzed at different voltages according to
the following equation:
Fractional unblocked current ¼ 1 
1þ
 
PtðNO2Þ24

Kd
!!
(1)
The dependence of Kd on voltage was then described according to the
simplest version of the Woodhull model of voltage-dependent block (18):
KdðVÞ ¼ Kdð0Þexp
zdVF
RT

(2)
where zd is the effective valence of the blocking ion (actual valence zmulti-
plied by the fraction of the membrane electric field apparently experienced
during the blocking reaction), and F, R, and T have their usual thermody-
namic meanings.
Experiments were performed at room temperature. Values are presented
as the mean 5 SE. Tests of significance were performed using Student’s
two-tailed t-test, with p < 0.05 considered statistically significant.RESULTS
The positive charge associated with K95 is crucial for main-
taining unitary Cl conductance (8,9). This requirement is
clear in K95Q, which reduces conductance to ~15% of
WT (Fig. 2, A–C). After neutralization of this endogenous
positive charge by the K95Q mutation, introduction of
a positive charge at other sites (by mutagenesis to lysine)
caused a significant increase in unitary conductance to
between 51 5 1% (in K95Q/A349K; n ¼ 10) and 77 5
1% (in K95Q/M348K; n ¼ 12) of WT conductance
(Fig. 2, A–C), suggesting that a positive charge located at
other positions in the pore can effectively rescue the WT
conductance phenotype. However, the addition of a positive
charge at other sites failed to completely restore conduc-
tance to WT levels (Fig. 2 C), suggesting that no site tested
was able to replace the functional effects of K95 perfectly.
Addition of a second positive charge by lysine mutagen-
esis in a WT background usually caused a small decrease in
FIGURE 2 Single-channel conductance is restored by moving the positive charge from K95. (A) Example single-channel currents carried by the indicated
CFTR variants at a membrane potential of 50 mV. The line to the left represents the closed channel level. Note that the reduced single-channel current
amplitude of K95Q is rescued by concurrent mutagenesis of other amino acids (Q98, I344, V345, M348, and A349) to lysine. (B) Mean single-channel
i/V relationships for different CFTR variants under these conditions. The leftmost panel shows WT (green) and K95Q (red). The other five panels show
the effects of the indicated lysine-introducing mutations in either a WT (open green symbols) or K95Q (open red symbols) background. In each case, the
lines fitted to WT and K95Q data are indicated in green and red, respectively, as a reference. (C) Mean unitary slope conductance measured from individual
patches. *Significant difference fromWT (p< 0.05); #significant difference from K95Q (p< 1010); ysignificant difference from the same lysine mutation in
a K95Q background (p< 0.05). (D) Mean effect on conductance of removing the positive charge associated with K95 in different backgrounds, quantified as
the conductance with a glutamine at this position relative to that with a lysine. In each case, the effect of the K95Q mutation was significantly reduced by the
presence of an introduced lysine at other positions (*p < 1010 compared with WT). Mean of data from six to 12 patches in C and D.
Fixed Charges and CFTR Channel Function 1721conductance (Fig. 2, B and C), especially in Q98K (conduc-
tance 755 1% of WT, n¼ 6) and V345K (645 3% of WT,
n ¼ 9), and in no case was conductance increased by the
addition of a second positive charge. As a result, the effects
of removing the native positive charge by introducing
the K95Q mutation appear highly background specific
(Fig. 2 D), i.e., the effects of the K95Q mutation on conduc-
tance are far more dramatic in a WT background than when
an additional positive charge is present. This presumably
reflects some degree of redundancy in having two positively
charged lysine side chains in this region of the pore inner
vestibule in terms of maximizing Cl conductance.
Lysine residue K95 in TM1 also plays a key role in the
interaction of a range of different cytoplasmic blocking
anions with the pore (5,8). An example of a blocker that is
dependent on the positive charge at K95 is NPPB (5,8).
As shown in Fig. 3, addition of 50 mM NPPB to the cyto-
plasmic side of inside-out patches caused strong inhibition
of WT CFTR but had no noticeable effect on K95Q chan-
nels. Additional mutations in a K95Q background to trans-
plant the positive charge to pore-lining positions in TM1
(Q98K) or TM6 (I344K, V345K, M348K, and A349K)partially restored NPPB block (Fig. 3), although in no
case was the block as strong as for the WT. The rank
order of the apparent strength of NPPB block was WT >
K95Q/V345K > K95Q/I344K > K95Q/Q98K ~ K95Q/
M348K ~ K95Q/A349K (Fig. 3 B). Similar results were
previously reported for NPPB block of K95S/S341K and
K95S/S1141K (8).
A striking and interesting effect of adding a second posi-
tive charge to the inner vestibule, previously demonstrated
in S1141K (8), was a dramatic increase in susceptibility to
block by polyvalent anions present in the cytoplasmic
solution. This was previously investigated using block
by cytoplasmic Pt(NO2)4
2 ions under symmetrical Cl
concentration conditions (8). As shown in Fig. 4, block by
Pt(NO2)4
2 was significantly strengthened in each of the
mutants Q98K, I344K, V345K, M348K, and A349K, as
well as in the previously unstudied S341K. At 0 mV
membrane potential, the apparent Kd for Pt(NO2)4
2 block
was in the rank order V345K (3.3 5 0.9 mM, n ¼ 7) %
I344K (4.5 5 0.7 mM, n ¼ 6) < S341K (26.6 5 1.8 mM,
n ¼ 7) < M348K (80.9 5 7.2 mM, n ¼ 5) % Q98K
(95.4 5 11.0 mM, n ¼ 6) % A349K (117.4 5 7.7 mM,Biophysical Journal 103(8) 1719–1726
FIGURE 3 Open-channel block by NPPB is restored by moving the posi-
tive charge from K95. (A) Example leak-subtracted macroscopic I/V rela-
tionships for the four indicated CFTR variants after maximization of
channel open probability by treatment with PPi (2 mM). In each case,
currents were recorded before (control) and after the addition of 50 mM
NPPB to the intracellular (bath) solution. (B) Mean fraction of control
current remaining after the addition of NPPB at a membrane potential
of 100 mV. *Significant difference from WT (p < 0.005); #significant
difference from K95Q (p < 0.002). Mean of data from four to five patches.
1722 El Hiani and Linsdelln ¼ 9) < WT (319.9 5 9.6 mM, n ¼ 5; Fig. 4 E). Blocker
voltage dependence was also significantly changed in most
mutants, with the effective blocker valence (zd) being signif-
icantly increased in M348K and significantly decreased in
Q98K, V345K, and A349K (Fig. 4 F). However, because
zd is a functional parameter that is influenced by factors
such as channel open probability and blocker interactions
with Cl ions (17), the significance of these changes is
not clear.
To isolate the effects of changing charge in the pore inde-
pendently of other amino-acid side-chain properties, such as
size, we mutated two residues (I344 and V345) to histidine
and toggled the side-chain charge by using intracellular
solutions with different pH values. These two residues
were chosen because lysine substitution at these twoBiophysical Journal 103(8) 1719–1726positions had the greatest effect on block by Pt(NO2)4
2
(Fig. 4). As shown in Fig. 5, block of both I344H and
V345H by Pt(NO2)4
2 was drastically stronger at pH 5.5
than at pH 9.0, with the mean Kd(0) for I344H and
V345H being ~13-fold and ~38-fold lower, respectively, at
acid pH (Fig. 5 D). In contrast, Pt(NO2)4
2 block of WT
was only slightly pH sensitive, with the mean Kd(0) being
~26% lower at pH 5.5 than at pH 9.0 (and ~32% lower
than at pH 7.4; see Fig. 4 E).
In contrast to these large effects of pH on block by
Pt(NO2)4
2, the single-channel conductance of I344H and
V345H, as well as that of the WT, were not significantly
different at pH 5.5 and pH 9.0 (Fig. 6). Whereas the conduc-
tance of V345H was reduced to ~80% of WT conductance
(independently of pH), the conductance of I344H was not
significantly different from that of the WT (Fig. 6 C). Inter-
estingly, whereas the conductance of I344H (at pH 5.5) was
not significantly different from that of I344K (p > 0.37;
Fig. 2 C), the conductance of V345H (pH 5.5) was ~20%
greater than that of V345K (p < 0.002).DISCUSSION
The positive charge donated to the pore inner vestibule by
the side chain of K95 is indispensible for high Cl conduc-
tance in CFTR, because removal of this charge by mutagen-
esis results in an ~85% decrease in unitary conductance
(8,9) (Fig. 2). However, the exact location of this positive
charge does not appear to be crucial for high conductance.
Transplanting the charge to other sites in TM1 (Q98) and
TM6 (I344, V345, M348, and A349; Fig. 2), as well as
S1141 in TM12 (8), results in restoration of at least 50%
of the loss of conductance caused by the K95Q mutation.
Only S341K, located more deeply in the pore from its cyto-
plasmic end, was unable to support high conductance (8).
Slightly closer to the cytoplasmic end of TM6 is another
endogenous positive charge (R352). Although this residue
does exert some influence over channel conductance (7), it
presumably cannot compensate for the loss of positive
charge in K95Q. We therefore suggest that the presence of
a single fixed positive charge in a region of the pore inner
vestibule delimited by part of TM6 between I344 and
A349, and including TM1 residues K95 and Q98 and
TM12 residue S1141, is required to support high conduc-
tance. However, although a single positive charge is neces-
sary, the addition of a second positive charge to this region
of the pore (as in the point mutants Q98K, I344K, V345K,
M348K, and A349K) failed to increase conductance above
WT levels (Fig. 2), as previously observed for S1141K
(8). As a result, a second positive charge in this region
appears to be redundant in terms of increasing channel
conductance (Fig. 2 D). It was previously shown that
single-channel conductance can be increased slightly
when a positive charge is introduced into the inner vestibule
of the pore by modification of pore-lining cysteine residues
FIGURE 4 Additional fixed positive charges strengthen block by cytoplasmic Pt(NO2)4
2 ions. (A) Example leak-subtracted macroscopic I/V relationships
for the three indicated CFTR variants. In each case, currents were recorded before (control) and after the addition of 30 mM Pt(NO2)4
2 to the intracellular
(bath) solution. (B and C) Mean concentration-inhibition relationships for the indicated CFTR variants at a membrane potential of100 mV. Each was fitted
according to Eq. 1. In C, the dotted line is the fit to WT data shown in B. (D) Mean Kd for Pt(NO2)4
2 as a function of voltage for each channel variant,
estimated by fitting data from individual patches as shown in B and C. Symbols represent the same channel variants as in B and C. Fitted line is to
Eq. 2. (E and F) Mean Kd at 0 mV membrane potential (E) and apparent blocker valence (zd) (F), estimated by fitting data from individual patches with
Eq. 2. *Significant difference from WT (p < 106(E) and p < 0.05 (F)). Mean of data from five to nine patches.
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ethyl] methanethiosulfonate (MTSET) (12,15), including
when cysteine is substituted for M348 (but not I344) (12).
In fact, the addition of a second positive charge in Q98K,
I344K, V345K, M348K, and A349K led to a small, but
significant, decrease in conductance (Fig. 2 C). This could
reflect a detrimental effect of too many positive charges in
this part of the pore (for example, by slightly increasing
the residency time of Cl ions inside the pore), although
the ability of MTSET deposition in the pore inner vestibule
to increase conductance as mentioned above (12,15) would
seem to argue against such an effect. Alternatively, muta-
tions could cause a relatively nonspecific effect on conduc-
tance that is not related to the introduction of positive charge
(such as a change in the size or hydrophobicity of the amino-
acid side chain). In fact, the results of Fig. 6 support the
latter explanation, because specifically toggling the positive
charge in I344H or V345H by changing the pH did not alter
single-channel conductance. Furthermore, the notion that
charge is not the only factor that influences conductance is
supported by the fact that the conductance of V345K was
significantly less than that of V345H when measured at
pH 5.5, where the histidine side chain is expected to bear
a positive charge.A positive charge in this region of the pore is also
required for inhibition by several different open-channel
blockers (5), including NPPB (Fig. 3). The weakening of
blocker binding seen in K95Q is partially reversed by the
second site mutations I344K and V345K, and to a lesser
extent Q98K, M348K, and A349K. It was previously re-
ported that the double mutant K95S/S1141K showed
slightly increased potency of NPPB block compared with
WT (8). Although blocker binding is presumably a less
physiologically important pore property than high Cl
conductance (but see Li et al. (10)), these results suggest
that lysine residues substituted for I344, V345, or S1141
are better able to replace the functional effects of the
endogenous positive charge at K95 compared with
other sites tested (Q98, M348, and A349 (Fig. 3), and
S341 (8)).
The effects of the positive charge at K95 on Cl conduc-
tance and open-channel block could reflect electrostatic
interactions between the lysine side chain and negatively
charged Cl ions and blocking molecules. However, other
positively charged amino-acid side chains in CFTR-TM6,
such as R347 (19) and R352 (20,21), have been proposed
to influence pore structure and function via interactions
with other parts of the protein. We suggest that the abilityBiophysical Journal 103(8) 1719–1726
FIGURE 5 Block by cytoplasmic Pt(NO2)4
2 ions is modulated by
toggling the positive charge in the pore. (A) Example leak-subtracted
macroscopic I/V relationships for V345H at intracellular pH of 5.5 (left)
or 9.0 (right, different patch). In both cases, currents were recorded before
(control) and after the addition of 100 mM Pt(NO2)4
2 to the intracellular
(bath) solution. (B) Mean concentration-inhibition relationships for WT
(circles), I344H (squares), and V345H (triangles) at intracellular pH 5.5
(left, solid symbols) or 9.0 (right, open symbols) at a membrane potential
of100 mV. Each relationship was fitted according to Eq. 1. Note that three
overlapping data sets are shown at pH 9.0. (C) Mean Kd for Pt(NO2)4
2 as
a function of voltage for each condition in B, estimated by fitting data from
individual patches. Symbols represent the same conditions as in B. (D)
Mean Kd at 0 mV membrane potential estimated by fitting data from indi-
vidual patches with Eq. 2. *Significant difference from WT under corre-
sponding conditions (p < 0.002); ysignificant difference from the same
variant at pH 5.5 (yp < 0.05; yyp < 0.00002). Mean of data from four to
six patches.
FIGURE 6 Single-channel conductance is unaffected by toggling the
positive charge in the pore. (A) Example single-channel currents carried
by V345H at a membrane potential of 50 mV, at a bath pH of 5.5 (left)
or 9.0 (right, different patch). The line to the left represents the closed-
channel level. (B) Mean single-channel i/V relationships for WT and
V345H under these two pH conditions. (C) Mean unitary slope conductance
measured from individual patches for the indicated CFTR variants at
pH 5.5 and 9.0. *Significant difference from WT at the same pH (p <
104). None of the channel variants had a significantly different conduc-
tance at these two pH values (p > 0.15). Mean of data from four to 13
patches in B and C.
1724 El Hiani and Linsdellof a positive charge situated at so many different sites lining
the pore inner vestibule to support Cl conductance and
NPPB interactions seems more consistent with an electro-
static effect due to the net charge within the vestibule, ratherBiophysical Journal 103(8) 1719–1726than a (presumably) more site-specific influence of these
charges on overall pore structure.
Although much of the effect of positive charge on Cl
conductance can be transplanted from K95 to other pore-
lining side chains, in no case tested to date has conductance
been restored fully to WT values (Fig. 2) (8). Although we
have not tested all possible pore-lining locations in the inner
vestibule, these results suggest that the location of the
endogenous positive charge at K95 is well situated to maxi-
mize channel conductance. As described above, I344, V345,
and S1141 appear to be the best locations for a positive
charge to reproduce WT pore properties, and Q98, S341,
M348, and A349 can also host a positive charge to some
extent. According to our simple cartoon alignment of
TM1 and TM6 (Fig. 1), it appears that I344 and V345 (as
well as S1141 (14)) are at approximately the same depth
in the channel pore as K95, with Q98 and S341 being
located more deeply in the pore from its cytoplasmic end,
and M348 and A349 being closer to the cytoplasmic mouth
of the pore. This relative location of amino acids is also sup-
ported by experimental evidence that disulfide bonds can be
formed between cysteine side chains substituted for K95
and S1141 (8), as well as between K95C and I344C, and
between Q98C and I344C (13).
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the pore inner vestibule does not increase Cl conductance
(Figs. 2 and 6), but it does strengthen block by polyvalent
anions such as Pt(NO2)4
2 (Fig. 4) (8). Again this appears
to be a relatively nonsite-specific effect of positive charge,
since all mutants studied (Q98K, S341K, I344K, V345K,
M348K, and A349K) led to significant increase in apparent
affinity of Pt(NO2)4
2 block (Fig. 4), as did S1141K (8).
Most striking were I344K and V345K, which led to an
~70-fold and ~95-fold increase in apparent affinity, respec-
tively (Fig. 4 E). At these two sites, the effect on Pt(NO2)4
2
block could be ascribed unambiguously to an effect of the
introduced positive charge, because the mutants I344H
and V345H showed Pt(NO2)4
2 block similar to that of
WT at pH 9.0, where the histidine side chains are expected
to be uncharged, whereas at pH 5.5, which should promote
protonation of these side chains, Pt(NO2)4
2 block was
drastically strengthened (Fig. 5). These charge-dependent
effects on Pt(NO2)4
2 block were independent of single-
channel conductance, which was unaltered by toggling the
charge on the histidine side chains at these sites (Fig. 6),
confirming that the predominant effect of increasing the
number of fixed positive charges in this part of the pore
from one to two is on interactions with polyvalent anions,
with little or no effect on conductance. Again, this effect
would seem most consistent with an electrostatic interaction
between fixed charges in the pore and mobile divalent
anions. The cartoon model of Fig. 1 suggests that it is prox-
imity to the endogenous positive charge at K95, at least in
terms of location along the axis of the pore, that determines
the ability of introduced positive charges to strengthen
Pt(NO2)4
2 block, since I344K and V345K (Fig. 4),
together with S1141K (8), give the most potent block.
This may reflect strong coordination of the Pt(NO2)4
2
ion by two near-adjacent positive charges inside the pore.
A defining feature of the CFTR pore is a wide inner vesti-
bule that contains fixed positive charge that is functionally
necessary for interactions between both permeating Cl
ions and negatively charged blocking ions and the pore
(3,4,7,8). Our previous work suggested that one is the
optimum number of positive charges within this pore region
to maximize channel function, since removal of the positive
charge reduced conductance, whereas addition of a second
positive charge primarily increased channel block by cyto-
plasmic anions (8). The results presented here support this
idea in that there is redundancy between multiple positive
charges in terms of Cl conductance, but a large increase
in the apparent affinity of block by divalent Pt(NO2)4
2
ions when two positive charges are present. These results
also suggest the extent of this functional region of the
pore, at least in terms of a simple cartoon model (Fig. 1).
At the outermost extent of this inner pore region, the
open-channel pore may become too narrow to accommodate
a positive charge (as previously proposed to explain the low
single-channel conductance of S341K and other mutationsat the same site (8)). At its cytoplasmic entrance, the pore
is wider (15,22), which may explain the weaker ability of
the A349K mutation nearer the cytoplasmic end of the inner
vestibule to restore single-channel conductance in a K95Q
background (Fig. 2). Furthermore, we propose that the one
endogenous charge within this inner vestibule is well situ-
ated at K95 to ensure high Cl conductance. The inner vesti-
bule of the CFTR pore appears to be well tuned in terms of
the number and location of positive charge to maximize the
rate of Cl permeation.
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